Abstract. The current study aimed to verify an miRNA signature in endothelial cells undergoing mechanical stretch stimulation. In the present study, microarray profiling was conducted in order to identify the differential expression of miRNAs in endothelial cells undergoing mechanical stimulation, compared with unstimulated endothelial cells. The microarray data was then validated by reverse transcription-quantitative polymerase chain reaction. Genes and signaling pathways regulated by the miRNAs were investigated in silico using Gene Ontology and the Kyoto Encyclopedia of Genes or Genomes, which are ontological and network-mapping algorithms. The microarray data collected demonstrated that 38 miRNAs exhibited significant differential expression in endothelial cells with mechanical stretch stimulation. Of these, 20 were upregulated and 18 were downregulated. The results from the in silico analysis indicated that the miRNAs identified were participants in mechanical stretch-induced endothelial dysfunction. During the initial stage of vein graft failure, which is induced by endothelial dysfunction, a unique miRNA signature was identified. The identified miRNAs are suggested to be involved in the pathological processes of traumatic injury.
Introduction
Compared with percutaneous coronary intervention and medical therapy, coronary artery bypass graft (CABG) has been demonstrated to be a more effective method for the treatment of coronary artery disease (1) . The saphenous vein is the most commonly used vessel for the graft in CABG surgery; however, vein graft failure (VGF) is a serious complication that affects the curative efficacy of CABG. Endothelial dysfunction is a critical factor in VGF (2) . Following CABG, the vein graft wall sustains high blood pressure and is frequently injured by mechanical stretch. This injury leads to endothelial dysfunction, which in turn induces alterations in endothelial cell (EC) proliferation, cytokine secretion, leukocyte adherence and platelet aggregation (3) (4) (5) . However, the mechanism underlying endothelial dysfunction remains unclear.
MicroRNAs (miRNAs) are small non-coding RNA molecules, 22 nucleotides in length, that are crucial in cell growth, differentiation, metabolism, apoptosis and migration (6) . In a previous study, it was demonstrated that early growth response 1 (EGR1) is a vital factor in the development of VGF. Additionally, certain miRNAs that were able to regulate EGR1 expression were predicted via miRBase (http://mirbase.org), Target Scan Human (http://www.targetscan.org/) and miRDB (http://mirdb.org/miRDB/) (Zheng et al, unpublished data). Several previous studies have suggested that miRNAs are involved in various pathological cardiovascular conditions, including atherosclerosis, hypertension and arrhythmia (7) (8) (9) . In 2013, McDonald et al (10) demonstrated that in VGF, miR-21 induces intimal hyperplasia by regulating the expression of the phosphatase and tensin homolog deleted on chromosome 10, signal transducer and activator of transcription 3 and proliferating cell nuclear antigen. These results suggested that miRNAs are vital regulated factors and may be used as novel genetic therapeutic targets in the treatment of VGF (11) . However, in endothelial dysfunction induced by mechanical stretch, the expression and mechanistic regulation of EC miRNAs remains unclear. An improved understanding of miRNA expression in ECs with mechanical stretch stimulation may lead to the development of novel biomarkers and therapeutic targets for the initial stages of VGF. Therefore, in order to identify miRNA expression in endothelial dysfunction, the current study conducted miRNA profiling using samples obtained from ECs undergoing mechanical stretch.
Materials and methods
Mechanical stretch stimulation. Human umbilical vein endothelial cells (HUVECs; GeneChem Co., Ltd., Shanghai, China) were maintained in Dulbecco's modified Eagle's medium 140 (Gibco Life Technologies, Grand Island, NY, USA) with 10% fetal bovine serum (Gibco Life Technologies) at 37˚C with 5% CO 2 . The ECs were then plated on silicone elastomer-bottomed and collagen-coated plates (Flexcell International Corporation, McKeesport, PA, USA). A computer-controlled Cyclic Stress Unit (Flexcell 5100; Flexcell International Corporation) was used to subject HUVECs to mechanical stretch for 24 h (cyclic deformation at 60 cycles/min, elongation of 15%).
RNA isolation. Total RNA was isolated with the mirVana miRNA Isolation kit (Applied Biosystems, Foster City, CA, USA) in accordance with the manufacturer's instructions. RNA quantity and purity was assessed using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, MA, USA). A260/A280≥1.6 and A260/A230≥1 indicated acceptable RNA purity, while an acceptable RNA integrity number ≥5 was obtained using the Agilent RNA 6000 Nano assay (Agilent Technologies, Inc., Santa Clara, CA, USA). gDNA contamination was evaluated by gel electrophoresis.
Microarray profiling. Human genome-wide miRNA microarray analysis was performed by Phalanx Biotech with the Human miRNA OneArray ® V4 (Phalanx Biotech Group, Hsinchu, Taiwan, R.O.C.). Each microarray contained 144 experimental control probes and 1,884 unique human miRNA probes. Each unique probe had three features, and probes contained 100% Sanger miRBase V18 miRNA content. Briefly, fluorescent targets were prepared from 2.5 µg total RNA samples using the miRNA ULSTM Labeling kit (Leica Biosystems Nussloch GmbH, Nussloch, Germany). Labeled miRNA targets were hybridized to the microarray with Phalanx hybridization buffer in the OneArray ® Hybridization Chamber. Following overnight hybridization at 37˚C, non-specific binding was removed by three washing steps (wash one, 37˚C, 5 min; wash two, 37˚C, 5 min and 25˚C, 5 min; and wash three: rinse 20 times) with 2X saline sodium citrate solution (Loogene, Beijing, China). The slides were dried by centrifugation at 70 x g for 5 min and scanned using an Axon GenePix ® 4000B scanner (Molecular Devices, Sunnyvale, CA, USA). The Cy5 fluorescence intensity of each spot was analyzed using GenePix, version 4.1 software (Molecular Devices). The signal intensity of each spot was processed using the R project, version 2.12.1 (Bell Laboratories, Murray Hill, NJ, USA). Spots for which the flag was <0 were filtered out, whereas spots that passed the criteria were normalized using the 75% scaling normalization method. Normalized spot intensities were then converted into log2 ratios of gene expression between the control and treatment groups. Spots with a log2 ratio of ≥1 or ≤-1, in addition to a P<0.05 were analyzed further. These differentially expressed miRNAs were subjected to hierarchical cluster analysis using average linkage and Pearson's correlation in order to measure the similarity.
Validation of microRNAs by reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis.
The differentially expressed miRNAs selected from the microarray were validated by RT-qPCR analysis. cDNA was generated with the PrimeScript™ RT-qPCR kit (Takara Bio, Inc., Otsu, Japan) in accordance with the manufacturer's instructions. PCR was performed in a 7900HT fast RT-qPCR instrument (Applied Biosystems Life Technologies, Singapore). The primers used were purchased from Ribobio (Guangzhou, China) and the sequences for the control were as follows: U6, forward 5'-GCGCGTCGTGAAGCGTTC -3' and reverse 5'-GTGCAGGGTCCGAGGT-3'.All reactions involved initial denaturation at 95˚C for 3 min, followed by 40 cycles of 95˚C for 10 sec, 60˚C for 20 sec and 70˚C for 1 sec. miRNA quantification was performed by using the miDETECT A TrackTM miRNA qRT-PCR Starter Kit (Ribobio) in a 7900HT fast RT-qPCR instrument (Applied Biosystems, Foster City, CA, USA). All quantitative reactions, including the no-template controls, were run in duplicate. The small nuclear RNA U6 was used as the normalization control.
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses.
In order to identify possible mRNA targets of the differentially expressed miRNAs, GO and KEGG were performed using miRBase (http://www.mirbase.org/). Enrichment analysis of miRNA target genes was performed using Cytoscape (http://www. cytoscape.org/). Using P<0.05 as a cutoff, three different annotations were analyzed: Molecular function, biological process and cellular component.
The DAVID database (http://david.abcc.ncifcrf.gov/) was utilized in order to analyze the significant pathways that involved genes that were differentially expressed in HUVECs undergoing stimulation by mechanical stretch. Selection was based on the results of Fisher's exact test and the threshold of significance was defined by the P-value.
Statistical analysis. Data are expressed as the mean ± standard error. Student's t-test was used to determine the significance of differences in miRNA expression between groups. All statistical analyses were performed using SPSS, version 17.0 (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference. R project was used to normalize data for the selection of differentially expressed miRNAs.
Results
miRNA signature in HUVECs following mechanical stretch stimulation. A total of 5,796 probes were included in the miRNA microarray that was used in the current study. miRNA microarray hybridization revealed that a total of 38 miRNAs were significantly differentially expressed following mechanical stretch stimulation. Of these, 20 were upregulated and 18 were downregulated (based on a fold change ≥0.8 and P<0.05; Table I ). The differential miRNA expression patterns of HUVECs stimulated by mechanical stretch were accurately separated from those of the unstimulated controls by hierarchical cluster analysis (Fig. 1) .
Validation of miRNA by RT-qPCR. RT-qPCR was used to validate the results of two miRNAs that were identified through the microarray analysis. The results demonstrated that the expression levels of miR-363-3p and miR-551b-5p were significantly increased in ECs with mechanical stretch stimulation, compared with the control ECs (Fig. 2) . This result supported the miRNA expression signatures identified in a previous experiment (Zheng et al, unpublished data). However, no novel miRNAs were identified.
GO analysis.
Using GO analysis of biological processes, the differentially expressed miRNAs were classified into different functional categories. As presented in Fig. 3 , these miRNAs were identified to be involved in various vessel-associated processes, including positive regulation of nuclear factor-κB transcription, and regulation of transcription factor activity, mitogen-activated protein kinase (MAPK) activity and blood pressure.
miRNA-associated regulatory networks. KEGG pathway analysis was conducted in order to determine the pathways associated with the differentially expressed miRNAs. It was observed that the miRNAs were involved in various pathways and proteins associated with vessel diseases, including the p53 signaling pathway, apoptosis, expression of cell adhesion molecules and chemokine signaling pathways (Fig. 4) . As demonstrated in Fig. 5 , the differentially expressed miRNAs had a variety of potential targets.
Discussion
VGF is a serious complication that requires investigation in order to improve prognosis in cardiac surgery. Previous studies have demonstrated that subsequent to CABG surgery, VGF occurred in 25% of patients within 1 year and 50% of patients within 5 years (12) . Compared with those undergoing their first CABG surgery, the mortality risk has been reported to increase 13-fold in patients undergoing repeat CABG surgery due to VGF (13) . Furthermore, diagnosing and treating VGF at early stages greatly improves patient prognosis (14) . miRNAs regulate gene expression by acting on the 3'-untranslated regions of target genes, and serve a central role in various physiological and pathological processes. Compared with normal controls, differentially expressed miRNAs may be used as diagnostic biomarkers and therapeutic targets. For the purpose of elucidating the mechanism of endothelial dysfunction, the current study focused on an miRNA signature present in ECs stimulated by mechanical stretch. In total, 38 differentially expressed miRNAs were identified in these cells, including 20 that were upregulated and 18 that were downregulated. In order to ensure the quality of the array, certain miRNAs were validated by RT-qPCR. GO and KEGG pathway analysis was undertaken in order to predict the target genes and functional pathways of the differentially expressed miRNAs. GO analysis revealed that the target genes of these miRNAs were involved in pathological processes associated with VGF, including cell adhesion, cellular responses to stress and regulation of transcription. Of these genes, the most notable was EGR1. EGR1 is a gene that is expressed acutely at early VGF stages, with no sustained expression. Various previous studies have suggested that EGR1 is a critical transcription factor involved in the regulation of intracellular signaling, cell growth, differentiation and wound healing (15) (16) (17) . In a previous study, it was observed that EGR1 is involved in VGF via regulating the promotion of EC proliferation, in addition to the expression of inflammatory factors following mechanical stretch stimulation (3) . Additional studies have demonstrated that EGR1 expression may upregulate monocyte chemoattractant protein-1 expression, promote vascular inflammation and induce thrombosis and atherosclerosis (18) . Additionally, EGR1 has been indicated to be capable of stimulating vascular smooth muscle cell (VSMC) growth, migration and apoptosis, and inducing VGF via the IGF-1 pathway (19) .
KEGG analysis in the current study demonstrated that the transforming growth factor-β (TGF-β) and MAPK signaling pathways were involved in VGF. In the early stages of vascular injury, TGF-β is released by inflammatory cells and platelets, which attracts inflammatory factors and monocytes that secrete fibroblast growth factor, tumor necrosis factor (TNF) and interleukins. In turn, this promotes VSMC proliferation and migration and increases extracellular matrix production. In addition, TGF-β may promote collagen type I and III composition, and induce intimal hyperplasia and vascular wall fibrosis (20) . The MAPK signaling pathway is strongly associated with autogenous vein grafts and vein arterializations (21, 22) . The MAPK family includes Jun N-terminal kinase, p38 and extracellular signal-regulated kinase, and these molecules are involved in cell growth, differentiation and apoptotic processes (22) (23) (24) . Cornelissen et al (25) reported that mechanical stretch is an important factor for inducing p38-MAPK activation in pressure distension of human saphenous veins, while also identifying that p38-MAPK is associated with apoptosis. TNF-α stimulates TNF receptor 1, activates MAPK expression and induces VSMC migration (26) . Due to the fact that VSMC migration and apoptosis are important processes in VGF, Ge et al (27) were able to successfully use an MAPK inhibitor to limit intimal hyperplasia.
In the present study, 38 differentially expressed miRNAs were identified, a number of which had been previously reported to be associated with VGF. Zhi et al (28) identified a reduction of miR-106a-5p expression in astrocytoma, and its target gene Fas-activated serine/threonine kinase was upregulated, leading to poor survival outcomes in patients with astrocytoma. Costa et al (29) reported that bone marrow endothelial cells express miR-363-5p. It was observed that the miRNA was able to directly modulate the expression of the angiocrine factors tissue inhibitor of metalloproteinases-1 and thrombospondin 3 at the post-transcriptional level. miR-363-5p downregulation additionally was observed to result in a significant reduction in EC tube formation on Matrigel, while increasing the adhesion of hematopoietic precursor cells to ECs (29) .
VGF is a complex disease caused by multiple genes, factors and signaling pathways. An miRNA signature may provide a basis for investigating the mechanism of this disease, in addition to aiding in the identification of novel biomarkers or targets for diagnosis and therapy of early-stage VGF. In the current study, an miRNA signature was identified in ECs stimulated by mechanical stretch. The results of the present study suggest that miRNAs are vital in the process of endothelial dysfunction and are involved in the pathogenesis of VGF. Thus, using miRNAs as biomarkers and therapeutic targets has the potential to improve early diagnosis and prognosis of patients with VGF.
